This qualitative review explores how established citizen science models can inform and support meaningful engagement of public in health research in Australia. In particular, with the growth in participatory health research approaches and increasing consumer participation in contributing to this research through digital technologies, there are gaps in our understanding of best practice in health and biomedical citizen science research to address these paradigm shifts. Notable gaps are how we might more clearly define the parameters of such research and which citizen science models might best support digitally-enabled participation falling within these. Further work in this area is expected to lead to how established citizen science methods may help improve the quality of and the translation of public engagement in health research.
Introduction
Global growth in participatory research approaches to address complex health challenges is being progressively supported by online platforms, tools and digital sensing devices. The mainstreaming of this form of public engagement is at the forefront of national research and health policy programmes [1, 2] .
Citizen science traditions in Australia
Australia has long-standing traditions in citizen science and public participation in scientific enquiry. Although the term "citizen science" came into prominence in the mid-1990s [5, 6] , citizen science in Australia has been established by grassroots activities and bottom-up approaches. Over a century ago, Ferdinand von Mueller (1825-1896), the reputed nineteenth century Australian botanist advertised for the assistance of "lady plant collectors" across the country in one of the most notable citizen science projects. von Mueller inspired an estimated 1300 volunteers to participate in the project in submitting specimens, which culminated into informing the seven volume Flora Australiensis published between 1863 and 1878 by George Bentham [11] .
Australia is also a country holding unique local Indigenous traditional knowledge that spans thousands of years of ecological monitoring and empirical mapping of phenomena that precedes defined citizen science and participatory research approaches [12, 13] . Indigenous knowledge and citizen science represent parallel discourses which have emerged in both southern and northern hemispheres [14] .
The Australian Citizen Science Association (ACSA) was established in 2014 following national consultations in recognition of the need for a community of practice to support the expanding field of citizen science in Australia, and aligned with international advancements [15] . Around this time, citizen science practices were formalised through communities of practice organisations in Europe with the establishment of the European Citizen Science Association (ECSA) and in the USA, OJPHI through the Citizen Science Association (CSA). The launch of ACSA in 2015 was particularly bolstered by a White paper Occasional Paper on Citizen Science by the then Chief Scientist of Australia [16] . ACSA has adapted the ECSA Principles of Citizen Science as its working principles that highlight the common good aspects of involvement of citizens in scientific endeavours which, for example, can generate new knowledge or understanding, provide benefits to science and society, support reciprocity, ethical approaches and publicly available results [17] .
Australia has fostered an increasing number of citizen science developments, most visibly in the field of biodiversity as exemplified by one of the largest nation-wide platforms of its kind, the Atlas of Living Australia (ALA). Launched in 2010, the ALA is a collaborative, national project that aggregates biodiversity data from multiple sources and currently holds data on over 120,000 individual species in the ALA database [18] . The ALA also hosts the Australian Citizen Science Project Finder online database, with over 600 projects across Australia [19] . Opportunities for large-scale projects in Australia have been made possible as citizen science is associated with increasing funding, infrastructure and support at different levels of government [20] .
Citizen science models of participatory health research
Health and biomedical citizen science is not readily defined as a separate practice or associated with a specific framework or schema, although the field is increasingly identified with a number of engagement models [21] [22] [23] [24] . Projects involving human health and participants can be viewed as citizen science among various forms of community-based participatory research, action research, patient and public involvement (PPI), self-quantification, crowdsourced health research, among other practices [15, [23] [24] [25] [26] .
The commonalities are associated with an enabled and widening participation, most often supported by ICT and digital and social media which have rapidly increased the range of people who can participate in health and biomedical data collection and, where appropriate, data analysis and other tasks [25, 27] . These technological developments, combined with policy initiatives and consumer empowerment, have also given rise to new ways of activation, for example, in health advocacy, health self-management and reporting, and research design.
Generally, citizen science projects have been differentiated according to the extent of responsibilities that participants undertake for research activities, such as collecting and analysing data (contributory) and interpreting and disseminating results (collaborative) [6, 8] . In most studies, citizen projects are typically instigated by professionally trained researchers in which participants are supporting tasks in a research process; however, community scaled participatory research projects, for example, can be a cooperative activity. In the latter example, a higher level of ownership may be associated with co-creation in which researchers and members of the public work together across research processes [6, 8, 28] . A broadening of this framework is citizen-led or extreme citizen science approaches, which aim to provide tools and methods to enable communities to develop participatory research projects to address issues that concern them [28,29].
Meaningful participation, according to Kelty et al [30] , engages participants along seven dimensions: for example, receiving an educative dividend; involvement in decision-making and goal-setting; and having control or ownership of the resources produced by participation. There OJPHI should be a "collective, affective" experience of participating in order for participants to feel they are part of something greater than themselves [30] . In community based participatory research (CBPR), for instance, participants can provide researchers with advice concerning the design of research projects, potentially including the research goals, design of survey instruments, recruitment, and data interpretation and dissemination, among other activities [31] [32] [33] . The need to ensure ownership and control over local knowledge is highly relevant in situations of CBPR that can inform wider citizen science practices [32] [33] [34] [35] .
Such multidimensionality of participatory activities in health research is necessarily expressed in different schemas. Engaging large numbers of the public is often undertaken through crowdsourcing [36] which has been the most visibly applied citizen science method to the fields of health and biomedical research [25, 27] . Crowdsourced health research studies have been defined as the nexus of three contemporary trends: "citizen science, crowdsourcing, and Medicine 2.0" [37] .
Crowdsourced tasks can be quite wide-ranging but mainly rely on the use of digital tools and platforms for use by the public in undertaking specific tasks [27] . For instance, volunteers are classifying images of the M. tuberculosis bacteria as part of the Bash the Bug project hosted on the Zooniverse citizen science web portal, and have reached over one million classifications [38] . Crowdsourced data processing can further involve both lay-people and those knowledgeable in a discipline, particularly where complex tasks, e.g. forms of annotation, relational tasks or problemsolving are applied. Cochrane Crowd, the citizen science platform of Cochrane, a global network promoting evidence-informed health decision-making by producing high-quality accessible systematic reviews, is comprised of a crowdsourced community of volunteers who undertake supporting tasks such as Randomised Controlled Trial (RCT) identification in research papers [39] .
Crowdsourced health research projects can further target health conditions in which participants undertake self-reporting using mobile apps and wearable sensors [40] . Health promotion is increasingly another context in which the engagement of the public through self-reporting and data collection is contributing to forms of public health research and policy [34, 35] . Critically, in a public health landscape, citizen science can support localised participatory action research and "participatory epidemiology" leading to the capture of qualitative and quantitative epidemiological information contained within community observations, including traditional oral history [35] . The use of gamificationoften termed as "serious games" -is a digitally-enabled method to support participatory action research. For example, SpotLab is an example of a disease surveillance platform that uses gaming and mobile phones turned into low-cost microscopes to provide collective diagnosis of global health diseases, such as malaria diagnosis [40] . Serious games developed by professional scientists, such as the multiple sequence alignment online game, Phylo developed at McGill University (Montreal, Canada), are further instances of contribution by the public in problem-solving tasks as in this example of finding ways of sequence arrangement of DNA and RNA to identify regions of similarity [41, 42] .
There is a concurrent rise of digitally-engaged and activated citizens, alternatively called "biocitizens" by some in the health research literature and to distinguish from other types of nonhealth related participation, especially at the individual level [37, 43] . The notion of biocitzenship firstly emerged through the concept of biosociality [44] that is the making of connections OJPHI between biotechnology and citizenship. Recently the concept of "participatory biocitizen" coined by Melanie Swan [37] refers to an activated individual and as a means to realise personalized medicine by sharing life-logging and self-quantification data through social media platforms. Selfquantifiers, in particular, represent high levels of activation that may motivate these individuals to independently mobilise citizen scientists and/or approaches [43, 45, 46] . These approaches are often typically outside of the instigation of organised health professionals or scientific organisations, as in the case of biohackers [43] . In the US, "people powered research networks" (PPRN) are leading on the sharing of quantifiable data, exchanging experiences on treatments, and searching for clinical trials on online platforms [45, 47] . Examples include the personalized health and research network, PatientsLikeMe [48] , and advocacy network iConquerMS which is focused on the multiple sclerosis (MS) community [49] .
Commercial and government-led research partnerships provide another means by which public engagement can be supported. For instance, Sage Bionetworks and the University of Rochester partnered with Apple ResearchKit to study the lifestyle of 17,000 Parkinson's disease patients in the mpower initiative [50] . The nation-wide $215 million Precision Medicine Initiative All of Us in the U.S. aims to build a large-scale research platform between public and private sectors, calling for one million volunteers to contribute their health data [51] . Other opportunities are provided through joint collaborations between the public and healthcare organisations in co-creating knowledge. One example is the Sarroch Bioteca Foundation established in 2012 in pursuit of a "citizenveillance on health" project in Italy [52] . 
The Australian context
Aligning with international developments, Australia is implementing various approaches to strengthen public involvement in health research. The National Health and Medical Research Council (NHMRC), for instance, provides national guidelines for responsible research practices and advocates for appropriate public involvement in research [3] . The Consumer and Community Health Research Network based in Western Australia is an example of a practical implementation of a service which is leading programs and resource development to promote awareness and support [54] . The Network is among several agencies comprising the Australian Health Research Alliance (AHRA) which was involved in undertaking a major review project in 2017-2018, including the deployment of an Australia-wide survey to capture the extent and nature of consumer and community involvement across AHRA member organisations. Recommended priorities include the development of guidance on incorporating public involvement across the research life cycle, and associated tools and resources to enable and support partnerships, as well as other capacity building initiatives, such as training [4] .
OJPHI
As a complementary direction to these priorities, a review of the application of existing citizen science models to participatory health research has identified several examples for the purposes of this commentary. The selected projects are based or led from within Australia and focus on forms of digitally-enabled public participation in health research which use publicly accessible 'citizen science' tools and platforms. Examples draw on the models of contributory (e.g. participation via data collection and processing), collaborative (e.g. public involvement in refining research questions, analysing data, and/or disseminating findings), co-creation (e.g. researchers and members of the public working together across key research processes), and extreme citizen science in which researchers provide tools and methods to enable communities to develop their own participatory research projects [6, 8, 28] . Projects are thematically clustered using a public health research lens as follows:
Indigenous science and environmental health
In the context of Indigenous participation and environmental health, the Aboriginal concept of health appears as part of a health impact assessment approach by the Australian Indigenous Doctors' Association [55] and mentioned as an exemplar in a prominent position paper on citizen science and public health [56] . Several Indigenous partnership projects are hosted in the Atlas of Living Australia database (ALA), and discoverable in the ACSA Project Finder. For instance, The Tracks App of the Indigenous Desert Alliance (IDA) is an ecological science mobile app co-created with stakeholders to support the involvement of Aboriginal people and Indigenous Ranger groups in remote areas [57] . The Tracks App supports the collection of information on native animal tracks and other signs, such as scats, diggings, burrows, bones and feathers.
The Commonwealth Scientific and Industrial Research Organisation (CSIRO), an independent Australian federal government agency responsible for scientific research, is supporting different citizen science solutions in a number of environmental health projects. The Eye on Water project is an example of a digitally-enabled participation project using a water quality monitoring app to collect data about water changes around Australia due to climate change phenomena [58] . The project routinely involves school students who assist in making physical and chemical measurements, as well as providing digitally captured data, alongside members of the volunteer public. Researchers are using the datasets to compare water quality data with satellite-derived ocean colour or coastal/inland water feature data [58] .
An example of a serious game supporting environmental health education and contributory approaches, QuestaGame was launched in 2014 in Canberra through a successful crowdfunding campaign. The game has players around the world mapping biodiversity sightings and sending photographs through the QuestaGame mobile app for identification. The data feeds are downloaded for research, of which 1.6 million verifications have been identified at the time of this article [59] .
Health promotion
Contributory models of approach have largely been applied to public participation in health promotion and public health research in several large-scale campaigns in Australia. For example, the Anti-Cancer Council of the Australian state of Victoria has been running sun protection OJPHI programmes for several decades: Slip! Slop! Slap! from 1980 to 1988 and SunSmart from 1988 to the present [60] . Sunday Morning is an Australian social media health promotion movement that asks participants to publicly set a personal goal to stop drinking or reduce their alcohol consumption for a set period of time, and to record their reflections and progress on blogs and social networks [61] . The Hello Sunday platform was created in 2010 and, thus far, participants have shared over 2 million stories according to the website [62] . FoodSwitch is a mobile phone app that allows users to access easy-to-understand information about the nutritional characteristics of packaged foods and, where available, to suggest healthier alternative products [63] . A particular innovation in the app was the incorporation of a crowdsourcing function whereby users are able to contribute information on missing products. If a barcode is scanned but the corresponding Universal Product Code (UPC) is not identified in the database, then the user is prompted to photograph the front of the package, the Nutrition Information Panel (NIP), and the ingredients list. The data are uploaded to the data management center site, and the information is added to a national database. Periodic updates to the database are then made to ensure that the app is supported by complete and up to date product information [64] .
Epidemiology and exposure science
Australian researchers have also employed citizen science contributory models to engage the public in specific areas of health condition enquiry. The Big Sleep Survey undertaken in 2010 solicited the contribution of participants who monitored their sleeping habits for one week for the Woolcock Institute and Sydney University [65]. More than 12,000 participants reported on their personal sleep habits in the questionnaire, while over 3,500 people completed the week-long sleep diaries recording the time they went to bed, fell asleep and woke up, for example [66] .
DustSafe is a citizen-science initiative based in the Department of Environmental Sciences at Macquarie University in Sydney -a local chapter of the global program: 360 Dust Analysis [67], which encompasses research groups in Australia, Asia, the United Kingdom, and the U.S. Together, these programs are focused on characterising household dust in an effort to understand the potential health exposure hazards residing in that dust. Greater urbanisation means people are spending up to 90% of their time indoors. Consequently, environmental health risks are dominated by fine dust particles from indoor air aerosols and harmful agents that can penetrate deep into lungs and migrate into the blood stream. Knowledge gaps are addressed by engaging the public to submit vacuum dust samples for chemical and biological analysis [68] .
An example of a participatory sensing initiative, the Citizen Science Project is a collaboration between RMIT University in Melbourne and the University of New South Wales in Sydney begun in 2018 [69] . The project aims to involve the public in measuring urban heat island effects and local climate change. Public participants perform outdoor microclimatic measurements of temperature, humidity, wind speed, among other measures, using portable handheld sensing devices provided by the project on a selected day at a selected location.
Health data systems
The Garvan Institute of Medical Research in Sydney and the Vodafone Foundation have recently initiated a computing platform that uses the collective processing capacity of smartphones to OJPHI analyse numbers and compare genetic profiles of tumours through the DreamLab mobile app [70] . The public can contribute their mobile phone's processing power when a phone is fully charged or charging overnight, for instance, whilst the DreamLab app analyses research data for breast, ovarian, prostate and pancreatic cancers.
An example of a collaborative platform, Crowdsourcing Critical Appraisal of Research Evidence or CrowdCARE is a freely available online tool developed by University of Melbourne researchers that aims to teach critical appraisal and facilitate the sharing of appraisals amongst a global community of clinicians [71] . After completing compulsory training modules, individuals can contribute to, and benefit from, an evolving collection of appraised research evidence generated from an interdisciplinary group, committed to practicing evidence-based practice (EBP). This platform is unique in that it goes beyond the use of crowdsourced judgments by article type (e.g. RCTs), as in CochraneCrowd to an in-depth assessment of the methodological rigour of the articles [72] .
On the level of individual self-tracking, which can be a means of contributing personal physiological data to larger research studies, there are numerous communities using self-tracking tools and technologies, many of whom identify with the Quantified Self (QS) movement. QS is defined as "embodying self-knowledge through self-tracking" [73] , and one of the early Quantified-Self group setups outside of the U.S. was based in Sydney, Australia [46] . Strava, the international social fitness network, has an Australian membership of self-quantifiers who measure physical performance, primarily tracking cycling and running activities using GPS data [74] . Australian researchers have partnered with Strava members in a range of studies, such as understanding the personal data practices of commuting cyclists, for example [75] .
Challenges and limitations
Public participation in health research in Australia potentially faces several shared challenges to those experienced world-wide in the citizen science community. The lack of standard definitional boundaries of what constitutes digitally-enabled public participation in health research relates to a diversity of approaches, e.g. citizen science, community-based participatory research (CBPR), action research, patient and public involvement (PPI), and crowdsourcing, among other approaches [15, 23, 76] .
Critically, within this context, there is a clear gap in readily identifying tools and platforms, particularly those which are supporting digitally-enabled participation of the public, their efficacy and support of different levels of participation. For instance, tools supporting local participatory engagement, e.g. CBPR, may differ from those in use by self-quantifying participants or by a broader public in larger crowdsourced projects, for instance. Generally, in public participation in health research, the more closely-associated a project is with the participant (e.g. in the home or the individual person), the greater the potential for legal, ethical, privacy, biosafety and data management and ownership complications to be raised [77, 78] . It is, therefore, necessary to consider what shared standards, methodologies and practices might be applicable [2, 79] .
A related challenge is that stronger public involvement in health research requires improved understanding of research processes [1] . For instance, public involvement in research data OJPHI processes and ensuring data quality are pervasive issues; primarily due to the fact that a non-expert public is generally considered to be untrained in research data management or research integrity, or may be prone to systematic errors which can impact data quality [80, 81] . Data quality can also be highly context dependent (i.e. "fitness for use") [81] [82] [83] .
A higher level of quality assurance is often associated with the use of crowdsourcing in which many people carry out the same work or task, such as contributing to peer review [39, 84] , or replication of an analysis, such as image identification [27] . Such an approach is desirable across the sciences for validation, accuracy, and in reducing bias. The critical research appraisal tool CrowdCARE, for instance, has shown that novices can be trained to appraise the rigor of published systematic reviews and, on average, achieve a high degree of accuracy relative to the experts [72] .
Additionally, there are identified gaps in the literature on reporting methods and the extent of public involvement in clinical trials which constitute a critical share of health and biomedical research design. A study of public research involvement in online trials concerning health selfmanagement, for example, found that detailed reporting of such involvement was hindered by role confusion between research volunteers and trial participants [22] . Other related study findings contribute to the literature by documenting researchers' perspectives and experiences about sharing results with research participants. One such study surveyed health researchers in which the majority of respondents indicated that health research results should always be shared with participants [85] ; although the described barriers to results sharing and various reported reasons not to share results suggest difficulties with a "one-size-fits-all" approach to improving results sharing.
Legal jurisdictional areas may differ in terms of the extent of sharing of results with participants. In the U.S., for instance, it is not normative for health research ethics review boards to encourage health researchers to share aggregate study findings in contrast to practices in Australia, for example [85] . A poll conducted by Research Australia in 2019 indicated that a majority of Australians were willing to share their personal health information for research purposes, in order to advance health and medical research (78%), support healthcare providers in improving patient care (68%), and to assist public health officials in tracking diseases, disabilities and their causes (61%) [86] . However, the proportion of consumers in support of sharing health data with government organisations can be significantly lower [86, 87] .
Indigenous communities are particularly concerned with issues pertaining to handling, treatment, and ownership of tissue as well as knowledge gained from specimen analysis. This stems from a strong and integrated sense of cultural connection to ancestors and traditional lands and Indigenous communities view biological specimens as inseparable from these connections [88] .
Conclusion
Australia has long-standing traditions in aspects of citizen science and participatory approaches to scientific enquiry, as can be gleaned from major projects and historical activities outlined in the present paper. However, there are gaps in our understanding of the extent of public participation in health research as part of this paradigm shift, particularly as it may relate to digitally-enabled processes. Progress in this area depends on identifying partnerships across the shared challenges, OJPHI and extending work on how established citizen science models may help support the quality of and the translation of public engagement in health research in Australia.
